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Abstract
Focused beams of helium ions are a powerful tool for high-fidelity machining with spatial precision below 5 nm. Achieving such a
high patterning precision over large areas and for different materials in a reproducible manner, however, is not trivial. Here, we
introduce the Python toolbox FIB-o-mat for automated pattern creation and optimization, providing full flexibility to accomplish
demanding patterning tasks. FIB-o-mat offers high-level pattern creation, enabling high-fidelity large-area patterning and system-
atic variations in geometry and raster settings. It also offers low-level beam path creation, providing full control over the beam
movement and including sophisticated optimization tools. Three applications showcasing the potential of He ion beam nanofabrica-
tion for two-dimensional material systems and devices using FIB-o-mat are presented.
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Introduction
Future breakthroughs in nanotechnology will rely on the ability
to fabricate materials and devices by design, that is, to tailor
both material properties and device geometries according to a
sophisticated blueprint. Thin layers and two-dimensional (2D)
materials are especially interesting candidates for designer ma-
terials [1] as they are compatible with planar device geometries
and may be combined in a straightforward manner, for example,
by stacking. Applications of such materials may rely on
(coupled) material excitations, such as plasmon polaritons in
gold nanostructures [2], on physical properties, such as the
exceptionally high mechanical stability of suspended graphene
[3], or on asymmetric magnetic interactions as in Co/Pt films,
enabling the formation of desired spin textures [4]. As the
actual device geometry determines the response to external
stimuli, the coupling strengths, and the corresponding figures of
merit, ultimate control in nanopatterning down to the single-
digit nanometer range is heavily sought after.
One promising candidate for ultraprecise nanofabrication is
focused ion beam (FIB) machining. Focused ion beams locally
remove material based on physical sputtering with a large
degree of flexibility due to advanced beam control. FIB pattern-
ing is a direct single-step process without the need of potential
contaminants, such as the resists used in lithographic ap-
proaches. For conventional gallium (Ga) ion beams the achiev-
able minimum feature sizes are still limited to approx. 10 nm
[2], and Ga implantation may cause unwanted modification of
material properties. In contrast, the recently emerged helium ion
microscopes (HIM) provide beam spot sizes below 1 nm [5].
The beam is formed by ionizing helium (He) atoms at an atomi-
cally sharp tip consisting of three tungsten atoms (trimer). The
trimer is metastable and has to be reformed at irregular time
intervals ranging from several days to one or two months. For
imaging and nanofabrication, only one of the three atoms is
selected. This nearly ideal point source allows not only for
high-resolution imaging but also for the milling of smallest
geometric features [5-7]. Furthermore, large-area machining is
possible due to the extraordinary beam stability in combination
with a large depth of focus. The first implies that the focus
quality remains unchanged over long time intervals, for exam-
ple, overnight, while the latter ensures that sample geometry
and the slight unavoidable tilt of the sample does not reduce
patterning quality. Hence, interim imaging and, thus, unin-
tended ion beam modification can be avoided.
The FIB patterning process relies on the beam control that is
well advanced and readily available in commercial ion micro-
scopes. Ion microscopes of all manufacturers are equipped with
patterning engines, that is, a digital-to-analog converter (DAC)
patterning board, defining pixels that can be addressed by the
beam, and a corresponding software that allows the user to set
the beam parameters and to create geometries with specific
raster styles. However, such vendor-specific software is adapted
to standard use cases and lacks the flexibility to realize ultimate
fidelity and robust large-area machining. So far, several pattern-
ing tools were developed, some of them only for specific
photonic components, such as solid immersion lenses from
diamond [8] or hole arrays and groove waveguides [9]. Others
are more versatile but require proprietary software or are non-
public. Hence, they are of restricted use for the community.
Interesting approaches for the patterning of three-dimensional
surface profiles rely on the creation of the respective three-
dimensional objects in computer-aided design (CAD) software
[10-14]. Here, the corresponding CAD file is converted to more
general file types, such as stereo lithographic files (.stl) [10] and
G-code [14], or directly into files that encode beam positions,
so-called stream files [12]. In all these cases, it is beneficial to
perform the material removal in thin slices of equal dose instead
of relying on locally varying doses of a single slice [11]. This is
a great benefit over the manufacturer-specific patterning options
that allow for grey-scale patterning, where the grey values
encode local doses. The results of the patterning can be im-
proved through modeling of the relevant processes in FIB
machining, especially angle-dependent physical sputtering [11]
and redeposition [15], or geometric considerations [12]. In the
same manner, locally varying doses in He ion-based resist pat-
terning may be corrected based on heuristic modeling employ-
ing a point spread function that sums up all physical and chemi-
cal processes in resist activation [16]. All these methods have in
common that the control over the actual beam path is limited.
While there are attempts to reduce the amount of blanking oper-
ations [13] and to follow the geometry of the pattern, tools that
allow one to create arbitrary patterns with a geometry-adapted
beam path are not yet available. Since the beam path is of
utmost importance for the patterning result, new tools are
needed to achieve both ultimate resolution and shape fidelity
[17].
Here, we introduce the modular patterning toolbox FIB-o-mat
to create and optimize patterns for ion beam machining, includ-
ing automation [18]. The idea of FIB-o-mat is to make use of
the built-in functionality of the commercial patterning engine
where appropriate, but to provide advanced options where re-
quired. FIB-o-mat provides an easily extendable modular
toolbox to enable full control over the beam movement. The
user can design patterns and subsequently specify optimized
beam paths, which are translated into a file format appropriate
for the respective patterning engine. Here, the capabilities and
first implementations are demonstrated for He ion beam pattern-
ing in three different use cases. In general, FIB-o-mat is usable
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for all sorts of ions and microscopes of multiple manufacturers.
Only the output files have to be adapted to the specific pattern-
ing back end.
Ion Beam Machining with Light Ions
Focused Ga ion beams are ubiquitous in ion beam machining
with well-established applications in material characterization,
for example, TEM lamella fabrication, cross sections or
tomographies [19,20], or in the fabrication of prototype nano-
structures, such as plasmonic antennas [2]. In contrast, appro-
priate fields of application for focused beams of light ions are
still under exploration. This is a consequence of the novelty of
the technique and of several significant peculiarities in the be-
haviour of light ions upon interaction with a solid.
First, light ions exhibit a large interaction volume in the solid.
The penetration depth of 30 keV He ions in silicon is more than
five times larger than the penetration depth of Ga ions of the
same energy [21]. The consequently large collision cascade
may create a significant amount of heat. Even for small ion
doses deformation of the manufactured structures can be ob-
served when placed on a material of small heat capacity, such as
glass (cf. subsection 3 of “Results and Discussion”). Here, it has
to be mentioned that separating the influence of local heat
creation from other beam-induced effects is not trivial (see Sup-
porting Information File 1 for further details). Another conse-
quence is the deep implantation of light ions. He and Ne are
chemically inert and may therefore diffuse out of the substrate
after a while. Diffusion in solids, however, is extremely ineffi-
cient, such that the majority of the primary ions will be
implanted at their final trajectory position [22]. Hence, large ion
doses lead to gas agglomeration and the formation of bubbles,
manifesting as strong surface swelling [23]. Furthermore, the
associated sputter rate of light ions is roughly an order of mag-
nitude smaller than that of Ga ions [21,22].
In addition, the low ion mass has further implications. The local
ion–solid interaction is a balance among several ion-induced,
surface-related, and thermally triggered processes [24]. Physi-
cal sputtering is only one of the processes. Also, chemical reac-
tions with adsorbed contaminants can occur and, under certain
circumstances, may dominate over the atomic knock-out. Typi-
cally, ion beam machining is carried out under high-vacuum
conditions, where the amount of contaminants in the chamber
(mostly water, but also hydrocarbons) still can form a mono-
layer per second on average. Often, additional contaminants
may be present on the sample surface, for example, residues
from wet-chemical processing. The locally introduced energy
can mobilize these contaminants such that they diffuse towards
the beam center where they are polymerized [24]. In the worst
case, this results in material build-up instead of sputtering.
Already minor surface contamination can lead to unwanted side
effects, such as carbonized edges that may change local materi-
al properties. Furthermore, locally varying sputter rates and in-
creased minimum doses for sufficient material removal and in-
creased heat damage may occur. All samples that are inert
under oxidizing atmosphere should be cleaned in an oxygen
plasma before ion beam machining. Generally, all samples
should be introduced into the vacuum system one day in
advance to allow possible contaminants to desorb from the sam-
ples and be pumped out. While these protocols can improve the
technical conditions for the machining with light ions, other
challenges such as small sputter rates and large interaction
volumes persist.
Therefore, 2D materials are an ideal platform for ion beam
machining with light ions. The lack (or non-relevance) of the
interaction volume allows for a high spatial resolution, enabling
the fabrication of structural features in the single-digit nanome-
ter range where small sputter rates play a minor role. This holds
true not only for monolayer 2D materials, such as graphene, but
also for thin films forming quasi 2D geometries. The versatility
of the corresponding materials opens a wide field of exciting
applications including, but not limited to, the direct writing of
defects to act as nuclei for epitaxial growth [25], the fabrication
of two-dimensional phononic crystals [26], the magnetic pat-
terning of suspended Co/Pt multilayers, the fabrication of two-
dimensional mechanical resonators based on single-layer
graphene, and the fabrication of coupled plasmonic nanoan-
tennas from single-crystalline gold. The three latter examples
are realized in this work by developing optimized patterning
and automation routines [18].
Patterning and Beam Control
Patterning with an ion beam is a digital process where the beam
spot dwells for a defined time at a fixed location and is then dis-
placed by a defined distance (‘pitch’) to dwell again. To avoid
unintended beam damage the ion beam may by blanked when it
is displaced over larger distances. Figure 1a depicts a beam
path, which is defined by the spot locations, their dwell times,
and their pitches. The beam profile depends on the beam
settings, given by acceleration voltage, extractor voltage
(named ‘best imaging voltage’ (BIV) in the case of He ion
microscopy), and the beam current, as well as on the quality of
the focus. The beam profile is unknown a priori but can be typi-
cally described with a Gaussian profile in He ion microscopy
[27]. It has to be mentioned that the beam parameters for a gas
field ion source (GFIS) are strongly correlated and, thus, not in-
dependently adjustable. Due to the extremely small size of the
source typical currents are only in the range of picoamperes.
Varying the gas flux can finely adjust the beam current. Howev-
er, too large gas fluxes lead to a reduced trimer lifetime. Other-
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Figure 1: FIB-o-mat overview. (a) For patterning the beam spot follows a rasterized beam path with a defined pitch and dwell time per spot. The
piece-wise continuous beam path could be generated from a curved shape (lime curve). Positions of the spots are given by the kinks of the beam
path. (b) To create such beam paths FIB-o-mat provides geometric primitives that can be combined by Boolean operators, arranged in lattices and
rasterized in different styles using the high-level beam path generation available from the microscope patterning software. Since high-fidelity pattern-
ing requires the adaption of the beam path to all edges of the geometry, the low-level beam path generation allows for the creation of point clouds
in various ways, for example, by curve off-setting either of geometric primitives or imported graphics. Additionally, all Python functionality is available
in FIB-o-mat.
wise, the current can be modified by the size of the selected
aperture and by the location of the beam crossover relative to
this aperture (named ‘spot control’ by the manufacturer).
Placing the crossover into the aperture leads to the largest
possible current but also to the most divergent beam. Placing
the crossover above the aperture reduces not only the beam cur-
rent but also all image errors by cutting off non-paraxial radia-
tion. While the local sputter rate depends strongly on the prima-
ry ion flux and, therefore, the beam current, the fidelity of the
structures requires an optimum beam profile. Hence, in pattern-
ing, typically, a compromise between the optimum beam prop-
erties and the largest possible sputter rate has to be found.
Usually, the beam path is inferred from the priorly optimized
beam settings and the specific target geometry. In the following,
the combination of beam settings and patterning geometry is
called ‘pattern’.
Depending on the target geometries, the pattern creation process
can become a complicated and potentially time-consuming task
if done by hand. An automated and computer-aided patterning
design process can simplify this task tremendously. In case of
large arrays, even if the individual shapes are not complex
themselves, the large number of them makes it unreasonable to
create and layout everything manually. Also, if a pattern has to
match desired geometric constraints, an automated pattern gen-
eration process can construct the complete pattern from few
user-provided parameters by exploiting the defined constraints.
This provides easy access to systematic variation of geometries
and raster strategies. Finally, for complex pattern geometries,
especially with curved edges, the available features of commer-
cial patterning control software are not sufficient to even create
the corresponding adapted beam paths. To address these issues,
we developed the pattern generation toolbox FIB-o-mat with a
Python interface. FIB-o-mat enables the creation of arbitrarily
shaped pattern geometries in combination with geometry-
adapted beam paths and optimization/automation tools. The
code and Python package documentation can be found online at
gitlab under the gpl3 license [18,28,29]. Pre-build packages are
available on pypi [30].
The FIB-o-mat Toolbox
The overall design of FIB-o-mat relies on a two-step pattern
definition: First, a pattern shape must be defined and, second,
appropriate beam settings can be added to the pattern shape. By
design, neither assumptions are made on certain settings (for ex-
ample beam profile) nor are default values used. This may limit
the convenience for standard tasks compared to vendor-specific
patterning software but, in return, the design process is com-
pletely transparent to the user.
Figure 1b depitcs schematically the available tools to provide a
maximum flexibility for pattern generation. To generate shapes,
FIB-o-mat provides a range of geometric primitives, including
points, polygons and lines, ellipses, arc splines, and parametric
curves. These can be used as building blocks for custom shapes.
Alternatively, .svg and .dxf files can be imported and their
enclosed geometries will be automatically translated to
geometric primitives defined in FIB-o-mat. All shapes can be
Beilstein J. Nanotechnol. 2021, 12, 304–318.
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Figure 2: Geometric primitives and rasterization styles available for high-level pattern generation. (a) Single spots, (b) straight lines and circle outline
segments, and (c) a rectangle as representative for available 2D primitives.
combined via Boolean operations and arranged in arbitrary two-
dimensional lattices by defining a unit cell and displacement
vectors. This is accomplished without explicit rasterization and,
consequently, the process again results in analytic shape geome-
tries. For rasterization of the obtained geometries, different line-
by-line raster styles are available, such as serpentines or cross
sections. Further, shapes can be off-set along their normal direc-
tion. If provided by the manufacturer, such curves may be
loaded into the patterning engine and rasterized there. In most
cases they are used to generate point clouds in which each point
represents a beam location. This provides the possibility to
adapt the beam path to arbitrary curved geometries, not only for
the built-in primitive shapes and the Boolean derivatives but
also for arbitrary imported shapes. Finally, full Python function-
ality is available with FIB-o-mat, for example to employ other
geometric modeling libraries.
Pattern generation can be carried out at two different abstrac-
tion levels, depending on the needs of the user and the capabili-
ties of the microscope software. High-level beam path genera-
tion is based on geometric primitives and raster routines avail-
able in the patterning generator of the microscope. Low-level
beam path generation creates point clouds, which directly
define the ion beam path.
1 High-level beam path generation
and automation
For the high-level approach, the pattern is constructed from
geometric primitives available in the patterning software of the
microscope. In the same manner, the rasterization relies on the
available parameters such as pitch, line distance, and line
ordering in a rectangular pattern. The parameters have to be
specified by the user within FIB-o-mat, which, in turn, gener-
ates a pattern file containing the shapes and the patterning pa-
rameters. The actual rasterizing of these geometric primitives is
carried out by the patterning engine of the microscope. If, for
example, a rectangle shall be rasterized line-by-line but with
varying pitches for each line, FIB-o-mat would generate a list of
lines with the corresponding raster parameters defined for each
line.
The rasterization process for the high-level approach is
schematically depicted in Figure 2. The simplest geometric
entity is a spot. As shown in Figure 2a, spots with well-defined
positions and corresponding dwell times and number of repeats
can be created by FIB-o-mat. Typically, the only one-dimen-
sional geometries available in commercial patterning software
are straight lines and circle segments and the rasterization has to
be carried out in a consecutive way, cf. Figure 2b. In the same
manner, all two-dimensional geometric primitives have to make
use of the pre-defined raster styles, such as line-by-line in one
direction or alternating directions as well as cross-sectional
rasterization (repeat each line until the full dose is applied
before starting the next line) or serpentines (make the beam path
continuous by turning the direction when starting the next line).
In the case of circular primitives, rasterization in an azimuthal
direction (raster lines follow the circular outline of the shape) is
implemented by all major manufacturers.
There are several benefits of the high-level approach for pat-
terning. As it relies on predefined geometric entities, the
loading of generated patterning files can be faster than that
of potentially huge point clouds. Especially a collection of
many simple patterns with changing geometry or rasterization
parameters will still result in relatively small file sizes. In addi-
tion, the patterning settings of the individual objects can be
easily changed in the patterning software after loading the
pattern file created with FIB-o-mat. While other microscopy
parameters, such as the stage position, can be controlled via an
application programming interface (API) or patterning options
of the manufacturer, large-area patterning can be automated by
FIB-o-mat. Another interesting approach for the automation of
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Figure 3: Geometric entities and rasterization styles available for low-level pattern generation. (a) Pre-rasterized point cloud, (b) arbitrary parame-
trized curves with custom rasterization, and (c) a heart as representative for arbitrary 2D geometries that can be either generated or loaded including
custom raster styles.
small and regularly arranged patterns makes use of the pitch in
high-level patterns [31]. When setting the pitch of a 10 μm
rectangle to 10 nm, an array of 1000 × 1000 holes with 10 nm
spacing may be created. By placing such rectangles onto a
rasterized curve, this curve will be replicated in the same
manner. While this approach is fast and efficient for large
arrays of patterns consisting of few points, it becomes unreason-
able for arranging more complex subunits.
However, the flexibility of the high-level approach is low. Only
geometric primitives pre-defined by the manufacturer along
with few raster styles are available. For complex shapes, the
available raster routines even reduce to a line-by-line rectan-
gular raster once different geometric primitives are combined
by Boolean operations. Therefore, in many application cases the
beam path will not follow the geometry edges, leading to arti-
facts, especially when approaching the resolution limit of the
machine.
Attention has to be paid when employing the geometric primi-
tive ‘spot’ of the manufacturer software. The commercially
implemented patterns contain not only the geometric shapes and
raster styles but additional optimization strategies that are often
not transparent to the user. One example is a beam stabilization
position along with a certain waiting time after each repeat of
the pattern. What may have a minor influence for two-dimen-
sional patterns can become a major issue in the case of point
clouds. An estimate for one of the established manufacturers
gave a beam stabilization time of about 5 ms for each pattern
summing up to almost 1.5 h when executing 1 million spots.
Given the fact that typical dwell times are in the range of
microseconds, the actual patterning time of this point cloud
would be expected to take seconds.
2 Low-level beam path generation
and optimization
Full control over the beam path is only provided by the low-
level tools of FIB-o-mat. Here, the point cloud depicted in
Figure 3a is not an assembly of pre-defined primitives. Instead,
it represents a list of true beam positions. Such lists can be
loaded into the microscope software as so-called deflection lists
or stream files. FIB-o-mat creates the deflection lists by
defining individual points as pre-rasterized geometry, as shown
in Figure 3a, by rasterizing arbitrary parametrized curves, or by
calculating off-set curves around arbitrary geometries as
displayed in Figure 3b,c. In the latter two cases the rasteriza-
tion of the curves can be defined in a custom manner. This
includes all raster styles that are available in the high-level ap-
proach but also user-defined styles, such as the back-stitching
depicted in Figure 3b,c. The provided tools allow for flexible
pattern generation and mitigate typical problems in ion beam-
based machining.
As the local material removal by ion beam impact is a complex
interplay between different physical and chemical processes,
many unwanted artifacts can (and typically will) occur during
patterning [24]. The ion beam-induced physical sputtering does
not cause a complete material removal. Instead, the material is
locally redistributed [15]. The phenomenon is known as redepo-
sition and can be minimized by varying the slow beam direc-
tion [17], that is, for line-by-line scanning, by starting from the
first line in the first repeat and from the last line in the second
repeat.
During ion beam machining of multi-crystalline materials the
varying crystal orientations cause a variation in the local sputter
rate due to ion channeling [24]. If one of the symmetry axes of
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Figure 4: Geometry-optimized patterning. (a) Beam path generation by curve off-setting around arbitrary disconnected shapes. (b) Upon rasterizing
curved beam paths, strongly curved regions can exhibit local doses larger than the target dose. This is corrected by a local dose optimization reducing
the beam dwell time in these regions.
the crystal lattice is oriented along the beam direction, the ion
penetration depth is larger, which, in turn, reduces the sputter
rate. The resulting surface roughness may be minimized by
removing the material with only few cycles. For standard
geometries, both of these optimization problems are already
targeted with the high-level approach and the pre-defined raster
strategies [17]. However, only the low-level approach enables
these strategies for arbitrary shapes in combination with adapted
beam paths.
Another typical artifact is a shape distortion via beam-induced
modifications, possibly due to heat. This is a severe issue espe-
cially for ion beam machining with light ions (cf. section “Ion
beam machining with light ions”). The ion beam locally intro-
duces energy that needs time to dissipate before the beam
reaches the same position and introduces energy again. In the
low-level approach, the raster strategy can be customized such
that the local dose per time is minimized (e.g., back-stitch or
other custom point- or line-hopping approaches). If provided by
the manufacturer, flags for beam blanking may be introduced as
well. However, the number of beam blanking operations should
be kept as low as possible, as it introduces ‘unused’ patterning
time and may cause artifacts due to the limited blanking speed.
Once the point cloud of such an adapted beam path is created by
rasterization with FIB-o-mat, regions of higher local point
densities may appear. This occurs for large curvatures in the
off-set curves as schematically depicted in Figure 4a. Here, the
actual ion beam profile has an important influence as it defines
how much the local dose deviates from the target dose. The
local dose received at each spot location equals the sum of the
dose applied there and the doses reaching that location from
nearby points. By assuming a Gaussian profile of the beam, the
local dose can be calculated by integrating over the profiles of
all contributing spot locations. In the regions of higher point
densities, this results in a local dose exceeding the target dose.
For local dose correction, FIB-o-mat first rounds off regions of
high curvature in the beam path by replacing them with circle
segments. It is recommended to use radii of half the pitch for
rounding to keep sufficient information about the geometry. In a
second step, the dwell times of individual spot locations are
reduced in an iterative manner such that the target dose can be
achieved. Figure 4b shows the application of the local dose
correction for a trimer geometry. Here, the local dose exceeded
the target dose by about 50% before the optimization routine.
3 Programming and file formats
The FIB-o-mat toolbox is mainly written in Python and partly in
C++. It can be compiled on any modern operating system. The
modular layout of FIB-o-mat makes it easily extendable by any
FIB user. Currently, only He ion beam patterning is supported,
and all manufacturer-specific tools are not publicly available. In
the future, it is planned to introduce and share back ends for
microscopes of different manufacturers.
As the definitions of geometric primitives and raster styles
change between different patterning tools, the corresponding
high-level functions need to be implemented by the user if not
yet present. All standard primitives and raster styles are avail-
able in FIB-o-mat. Alternatively, the low-level approach may be
used for full flexibility of the beam path. During import of the
graphics, due to the complexity of the .dxf file format, only a
subset of features is supported in FIB-o-mat. Similar manufac-
turer-specific challenges occur during automation. Some manu-
facturers provide automation tools that can be accessed by the
patterning software, others require the use of an API that may
even have to be licensed. In the latter case, implementing
automation using FIB-o-mat can be highly demanding, for ex-
ample if the featured APIs are relatively restricted and based on
a proprietary programming language.
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Another technical challenge concerns the obtained pattern sizes
for the low-level approach in FIB-o-mat. Complex patterning
tasks easily result in millions of points that may cause memory
problems when loaded into the patterning engine of the micro-
scope. Here, a binary file format is highly desirable instead of
ascii files with plain text.
Results and Discussion
Three test cases were selected to demonstrate the different capa-
bilities of FIB-o-mat. These include high-level patterning with
automation of magnetic multilayers, low-level patterning with
automation of suspended graphene and low-level patterning and
beam path optimization for gold on glass. Patterns for all three
test cases are available in the git repository of the FIB-o-mat
package [18].
1 Magnetic patterning of Co/Pt multilayer
films
Used FIB-o-mat features: high-level beam path generation
with automation via stage control.
Magnetic thin films and multilayers are of great technological
interest as platforms for spin-based devices encoding bits using
nanoscale domain walls or skyrmions [4]. The magnetic proper-
ties of thin magnetic films and multilayers can directly be modi-
fied in a controlled manner by low-dose ion irradiation. Local
variation of the dose using masks or focused ion beams leads to
pure magnetic patterning without affecting the topography of
the films [32]. The local modification of the magnetic proper-
ties, in particular anisotropy and exchange coupling (including
the chiral Dzyaloshinskii–Moriya interaction), originates from
structural modifications, such as interface structure, atomic
ordering, atomic composition, and crystallographic phase
[33,34].
Here, the impact of He irradiation on the ferromagnetic multi-
layer [Co0.6/Pt0.8]15 is studied [35,36]. This multilayer shows
perpendicular magnetic anisotropy arising from the Co/Pt inter-
faces and forms nanometer-scale, labyrinth-like domains with
opposite out-of-plane magnetization in remanence. We are par-
ticularly interested in how ion irradiation changes the morphol-
ogy of the magnetic domains and how it influences the nucle-
ation and annihilation of domains in a typical adiabatic field
cycle as well as after picosecond laser excitation [37,38].
The fabrication of the samples starts by depositing the magnet-
ic multilayer onto 150 nm thick silicon nitride membranes via
magnetron sputtering. The membranes are almost transparent
for soft X-rays, which are later employed for imaging of the
samples. Subsequently, the multilayer film is locally modified
by He irradiation, employing different patterning layouts and
varying the applied He ion dose. Typical patterns comprise
checkerboard structures, lines, and dots with characteristic
dimensions ranging from 50 nm to several micrometers. The
applied He dose varies between 10 and 50 ions/nm2. The the
appropriate dose range was determined in prior automated dose
tests (cf. Supporting Information File 1, section “Automation in
FIB-o-mat”). The used ion beam current was 2.6 pA at an accel-
eration voltage of 30 kV and an extractor voltage of 32 kV. The
dwell time was 1 μs and the pitch was 5 nm.
The magnetic nanometer-scale domain configurations were
imaged via soft X-ray holography [39], exploiting X-ray mag-
netic circular dichroism [40] and giving rise to an absorption
contrast of areas with different out-of-plane magnetization.
Areas irradiated with an ion dose of 50 ions/nm2 no longer
show an out-of-plane magnetization component. Based on
previous experiments, we assume that the interfaces inside the
multilayer are modified so severely that the magnetization
switched to in-plane [32-35]. In contrast, an ion dose of
10 ions/nm2 does not lead to a modification of the multilayer
that is observable in the domain pattern or in the hysteresis of
the sample. Similar ion dose ranges are reported elsewhere for
Co/Pt multilayer systems on SiO2 substrates [41]. Figure 5
shows images of the domain configuration in the multilayer
irradiated with an ion dose of 30 ions/nm2. The gray-scale
images encode purely magnetic contrast with white and black
colors indicating opposite out-of-plane magnetization. The sam-
ple was irradiated in a checkerboard-like pattern with a side
length of each square of 500 nm and a total area irradiated of
20 × 20 μm. In this sample, the domain size in irradiated
regions is significantly reduced as compared to domains in non-
irradiated regions, as shown in Figure 5d (at 0 mT). Tailored
modification of the magnetic film thus enables the coexistence
of two magnetic structures in a checkerboard pattern, revealing
different magnetic behavior side by side. The sample was
imaged in a full applied-field sweep from saturation at positive
field to saturation at negative field. During this measurement,
images at particular applied fields were recorded (Figure 5).
After saturating the magnetic film (at 390 mT, Figure 5a) and
reducing the applied field, domains form (180 mT, Figure 5b)
and grow (Figure 5c) first in irradiated regions, before domain
formation in the non-irradiated regions starts from the edges of
the checkerboard squares (0 mT, Figure 5d). Analogously, the
non-irradiated regions saturate first at (−110 mT, Figure 5e),
and the irradiated regions saturate later at less than (−320 mT,
Figure 5f). Remarkably, the domains in the irradiated areas
shrink to a dense array of small bubble domains close to the
saturation point (Figure 5f). Hence, through He-assisted sample
fabrication, the formation of magnetic domains can be en-
hanced in a controlled manner, probably due to the increased
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Figure 5: Magnetic nanopatterning of a Co/Pt multilayer. Fourier-transform holography (FTH) images (a–f) with a predefined field of view (FOV) of
1.5 μm illustrate a magnetic field cycle from positive saturation at 390 mT to negative saturation in an He ion irradiated sample, revealing a checker-
board pattern with 500 nm side length. The black–white contrast encodes domains with opposite out-of-plane magnetization. Starting from a satu-
rated state (a), magnetic domains first form in ion-irradiated regions (b, c) before they appear in non-irradiated regions (d). The non-irradiated regions
saturate earlier when the applied magnetic field is further decreased (e, f). The presented magnetic film, thus, supports the coexistence of regions with
different magnetic properties. The scale bar is 500 nm.
density of pinning sites, that is, variations of the local aniso-
tropy.
Since the influence of different ion doses and pattern shapes on
the formation of magnetic domains is not known a priori for dif-
ferent magnetic material systems, a lot of different combina-
tions of doses and shapes must be patterned initially (cf. Figure
S2, Supporting Information File 1, where in total 42 different
patterning sites are shown of which each site includes of a dif-
ferent shape/dose combination). Using the FIB-o-mat package,
the creation of the patterns can be automated. The patterning is
carried out with the automation tool of the NPVE software
controlling the He ion microscope according to the FIB-o-mat
patterns. No further manipulation of the patterns by the user is
required. Hence, FIB-o-mat is technically not necessary for this
task but constitutes a significant time-saver.
2 Mechanical resonators based on
suspended single-layer graphene
Used FIB-o-mat features: low-level beam path generation and
automation via stage control, patterns optimized for speed to
generate a large number of trampolines with varying bridge
widths.
Atomically thin graphene has extraordinary mechanical proper-
ties [3], and graphene nanomechanical resonators have been
employed as various sensors [42-46]. Yet, the sensitivity at
room temperature is limited by a rather low quality factor. Pat-
terning of the devices into trampoline-shaped resonators yields
a large increase in quality factor and, thus, device performance
[47,48]. Furthermore, the material removal reduces the thermal
coupling of the central device area to the supporting substrate.
As graphene is a single-atomic layer, it exhibits the lowest
possible heat capacity per unit area of the material [48]. Its
broadband spectral absorbance [49], in combination with a ther-
mal stability up to 2600 K [50], renders graphene an exciting
candidate for room-temperature bolometry [51].
Single-layer graphene was grown by chemical vapor deposition
onto a multicrystalline copper foil using methane as precursor
gas at 1035 °C. For the transfer process, the graphene sheet was
covered by a 500 nm thick PMMA layer. After etching the
copper foil, the graphene sheet was transferred onto a SiN
membrane with a regular grid of holes. The transfer process is
described in detail elsewhere [52]. The SiN membrane was
covered with a thin layer of gold, which allowed us to electri-
cally contact the graphene sheet and actuate the resonators elec-
trostatically. The motion of the devices is detected using a
Michelson interferometer [48].
Figure 6a depicts a secondary electron HIM image of a
patterned trampoline graphene resonator. A He ion current of
3 pA was employed at an acceleration voltage of 30 kV and a
BIV of around 32.3 kV. The patterns were constructed from
circle segments combined with linear segments to define length
and width of the trampoline bridges. In the absence of contami-
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Figure 6: Single-layer graphene resonator. (a) Secondary electron He ion microscopy image of the graphene resonator patterned into a trampoline
geometry. Laser excitation from the top is depicted schematically by the red arrow. (b) The corresponding heat distribution induced inside the trampo-
line due to the laser heating was obtained by finite element modelling. The resonator is excited by electrical gating and the displacement is detected in
an interferometric read-out. (c) Experimentally determined frequency response of the fundamental mode of the trampoline resonator at 12.5 MHz with
(d) the simulated mode shape of the fundamental resonance.
nants, a pitch of 50 pm in combination with a dwell time of
4 ms leads to well-defined single-repeat cuts. To avoid ion
beam-induced modifications of the graphene sheet, the pattern
location was adjusted at one of the SiN holes followed by auto-
mated stage moves and patterning. Thus, a large number of
trampoline resonators could be fabricated without unintended
beam impact due to imaging in a reasonable overall patterning
time. The corresponding step-and-repeat list with the geometric
primitives, path settings, and displacements was created in FIB-
o-mat and could be directly loaded into the patterning engine of
the microscope.
To probe the device, a laser spot with a width of around 1.3 μm
at a wavelength of 632 nm was directed onto the central region
of the resonator. A numerical description of the locally heated
resonator was carried out by finite element modeling. The ob-
tained heat map shows good thermal decoupling of the trampo-
line geometry with a large gradient. The central region exhibits
temperatures around 800 K while the bridges stay close to room
temperature. The resonance frequency of the fundamental mode
is 12.5 MHz (cf. Figure 6b) and exhibits a quality factor of
about 300 without laser heating. When suspended graphene is
heated by a light source, the built-in tension in the device is
reduced because graphene has a negative thermal expansion
coefficient [53], and a down-shift in resonance frequency is ob-
served. The mode frequency can be shifted up by 100 percent
through increasing the laser power from 15 to 150 μW. The
large bandwidth in combination with the increased responsive-
ness created by the trampoline pattern allows the system to
operate as an ultra-sensitive and ultra-fast bolometer [48].
Finally, the increased quality factor and reduced thermal cou-
pling to the substrate should allow for efficient side-band cool-
ing experiments, which so far are hindered by very strong ther-
mal coupling and low quality factors [54,55].
3 Plasmonic tetramer antennas based on
single-crystalline gold flakes
Used FIB-o-mat features: low-level beam path generation
with optimization concerning heat transport, patterning time,
and local dose.
Thin flakes of single-crystalline gold constitute an ideal plat-
form for plasmonic applications due to the lack of scattering
losses at grain boundaries and surface roughness [56]. In nano-
structured gold, collective excitations of the free electron gas
may occur under the incidence of visible light [2]. These
plasmon polaritons of individual nanoparticles are not only
strongly resonant with the ability to concentrate light below the
diffraction limit. They may also be efficiently coupled in
closely packed ensembles of plasmonic particles. In the case of
three-dimensional crystals from gold spheres even deep strong
coupling of light and the plasmonic excitation at room tempera-
Beilstein J. Nanotechnol. 2021, 12, 304–318.
314
Figure 7: Coupled plasmonic antennas. (a–c) Scanning electron micrographs of gold tetramers on glass with a target geometry of 45 nm particle
radius and 35 nm gap width, fabricated by different techniques: (a) by electron beam lithography, (b) Ga ion beam machining, and (c) He ion beam
machining of the tetramer geometry and removal of surrounding gold by Ga FIB. The low image resolution in (a) is caused by the difficulties of
imaging isolated tetramers on a non-conductive glass substrate. (d–f) Normalized extinction (sum of scattering and absorption) of the tetramers. The
inset depicts the charge distribution of the excited plasmonic mode upon incidence of linearly polarized light.
ture was achieved [57]. Here, we investigate the influence of the
fabrication routine on the resonant response of small ensembles
of coupled plasmonic scatterers, namely tetramers of spherical
gold discs residing on a glass substrate. Such ensembles may
feature dipole-forbidden eigenmodes [58] with low damping
when being excited by the incidence of structured light [59].
First, we focus on comparable tetramer geometries to assess the
influence on geometric fidelity and possible ion-beam induced
material/substrate modifications on the plasmonic response by
measuring the bright optical modes [59]. The target geometry
for all fabrication techniques is a particle radius of 45 nm with a
gap size of 35 nm. This is the geometry that can reliably fabri-
cated by resist-based electron beam lithography on physically
sputtered gold layers (cf. Figure 7a). Later, we will assess the
ultimate resolution of He ion beam machining to minimize the
gap sizes.
The gold flakes of approx. 30 nm thickness were wet-chemical-
ly synthesized on glass [60] and transferred to the target sub-
strate via a PMMA-mediated method. On the target glass sub-
strate, a thin layer of gold was sputtered with two empty square
windows of 100 × 100 μm2 in size, where the flakes were
placed. The fabrication of the tetramer structures was carried
out using Ga ion beam milling only, or a combination of He ion
beam milling for the definition of the tetramer and Ga ion beam
milling for the large-area removal of the surrounding gold.
Figure 7b,c depicts the corresponding scanning electron beam
micrographs. The limited image quality of the lithographically
defined tetramer is caused by the fact that the isolated struc-
tures are located on a glass substrate, leading to severe charging
effects. For Ga ion beam milling a current of 10 pA, a pitch of
3 nm and a dwell time of 1 μs were employed in a two-step pat-
terning process. First, the surrounding gold was removed by
rectangular scanning of a square of several micrometers from
which a slightly larger tetramer shape was subtracted. Subse-
quently, the remaining tetramer was polished with ring shapes.
During He ion beam patterning, first, the tetramer was patterned
with a large outline of 40 nm thickness using an optimized low-
level beam path defined in FIB-o-mat (cf. Supporting Informa-
tion File 1, section “Challenges in the patterning of the plas-
monic tetramers”). The beam path had a curve off-set of
0.25 nm. The pitch was 0.25 nm around the tetramer and 0.5 nm
inside the tetramer. The dwell time was 5 μs, and the pattern
was repeated 12 times. The employed beam current was around
2 pA at an acceleration voltage of 30 kV and a BIV of 32 kV.
The second step was the removal of the surrounding gold with
Ga using again a shape obtained by a Boolean operation.
Figure 7 shows that shape distortions mainly occur for the litho-
graphically defined and the Ga FIB-fabricated tetramers. How-
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Figure 8: Optimized tetramer. Secondary electron He ion microscopy images of gold tetramers on glass with minimized gaps after certain steps of op-
timization. (a) The gap size was defined by a single line resulting in gap sizes of only 3 nm. The high-curvature regions cause an increased milling
depth marked by red arrows. (b) After local dose correction, these trenches disappeared. (c) The close-up of (b) proves the remarkable high pattern
fidelity with a gap size of about 3 nm.
ever, also in the case of the He ion beam-patterned tetramers the
subsequent removal of gold using the Ga ion beam leads to
slight distortions that were not present before. This is caused by
the typical tails in the beam profile of a focused Ga ion beam
[19]. Optical investigation was carried out using visible-light
spectroscopy in a transmission spatial modulation setup. The
spatial displacement of the focus modulates the signal [61] and
the lock-in coupled detector provides an excellent signal-to-
noise ratio for individual small scatterers.
Figure 7d–f shows the extinction (sum of scattering and absorp-
tion) spectra corresponding to the tetramers in Figure 7a–c, re-
spectively. The extinction was measured for plane wave inci-
dent light of linear polarization. The polarization was chosen
along the x axis as depicted in Figure 7e. This configuration and
any other in-plane polarization excite the optically active Eu
mode of the tetramer [59]. The plasmonic resonance is signifi-
cantly broadened for the lithographically defined tetramer.
Interestingly, the highest Q factor (Q = ωres/δω with the reso-
nance frequency Q = ωres and the resonance width δω) was
achieved for the tetramers obtained by pure Ga patterning, even
though the monomer shape is not perfectly round. Each mono-
mer acts as a small dipole in our measurement configuration
and its response is not very sensitive to its actual shape as long
as surface roughness does not increase the scattering losses.
Finite-difference time-domain modeling taking into account
the slightly varying geometries led to numerical Q factors of
Qnum = 3.3 for tetramers fabricated by EBL, Qnum = 5.4 for Ga
FIB, and Qnum = 4.8 for He FIB. This is in reasonable agree-
ment with the experimental results.
The mutual coupling of the individual monomers, however,
strongly depends on the interparticle distance due to the evanes-
cent decay of the plasmonic near field. Hence, a nanopatterning
approach that is able to realize sub-10 nm gaps in a repro-
ducible manner is highly desired. He ion beam milling already
demonstrated these capabilities in the fabrication of strongly
coupled dimers with gap distances of less than 6 nm [62-64]. In
all previous cases, the antenna shapes were pre-fabricated with
Ga ion beam milling or lithographic approaches and only
single-line cuts were performed with He ions to create dimer
antennas. Here, we prove the ultimate resolution capabilities for
the tetramer geometry with minimized gap sizes patterned in a
gold flake of about 40 nm thickness using He beam milling for
the complete antenna and not only for separating individual
parts of a pre-fabricated antenna. Figure 8a depicts the second-
ary electron HIM image of a tetramer patterned using a similar
low-level beam path as used for the tetramer in Figure 7c. As in
the example above, the beam path was optimized regarding
reduced heat damage and redeposition. However, the gap dis-
tance was defined by a single path between the monomers.
Most importantly, this resulted reliably in gap sizes between 3
and 4 nm when the gold surface was free of contaminants and
when optimum ion beam conditions were achieved. The me-
chanical He column adjustment was optimized such that almost
no electronic beam tilt or shift corrections were necessary and a
high spot control of 6 could be used for the 20 μm aperture at a
standard gas flux of 2e−6 Torr. The thereby obtained beam cur-
rent reached values between 1.2 and 1.8 pA, depending on the
actually employed trimer.
However, this specific geometry results in large curvatures of
the path when approaching the gaps. The red arrows in
Figure 8a indicate regions of larger depth arising due to the
locally increased dose. Local dose correction was performed as
described in subsection 2 of “The FIB-o-mat toolbox” and
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enabled uniform milling down to the glass substrate. It has to be
mentioned that the actual results of the patterning of thin gold
flakes on glass varied strongly, depending on the cleanliness of
substrate and gold flake (cf. Supporting Information File 1,
section “Challenges in the patterning of the plasmonic
tetramers”). Nevertheless, we show here, for the first time,
high-fidelity patterning of plasmonic nanostructures with
geometrical details as small as 3 nm. This is mainly achieved by
defining a contour-parallel and dwell time-optimized beam path
using FIB-o-mat. To the best of our knowledge, such geometry-
adapted beam paths cannot be created by current patterning
software provided by the instrument manufacturers. Further-
more, FIB-o-mat enables the rapid generation of different
patterns with varying path geometries, local dwell times and
pitches, as well as number of repetitions allowing for efficient
patterning iteration and optimization.
Conclusions and Outlook
He ion beam machining offers exciting prospects for the fabri-
cation of devices from two-dimensional and quasi two-dimen-
sional materials. The extremely small spot size, large depth of
field, and high stability render the He ion beam ideal for auto-
mated high-fidelity patterning in cases where low sputter rates
are negligible. This holds especially true for two-dimensional
materials where only small amounts of material have to be re-
moved while guaranteeing highest patterning precision. Since
He ion microscopy is a relatively new technique, its full poten-
tial still has to be exploited. Here, we contributed in developing
the advanced pattern creation toolbox FIB-o-mat [18]. FIB-o-
mat has a Python interface and a fully documented modular
structure, such that it is easy to use and easy to extend. In its
current version, it provides high-level pattern creation, low-
level beam path generation, as well as optimization and automa-
tion tools for He ion beam machining. The aim is to extend
FIB-o-mat such that the tools can be used with microscopes of
any manufacturer, covering ion beam machining with a variety
of ions.
For the efficient use of FIB-o-mat, the following workflow may
be employed: (i) Define the geometry to be patterned. (ii)
Define the beam path such that it follows the edges of the ge-
ometry, for example, by using the curve off-setting tool where
required. (iii) Define a rasterization strategy in a way that arti-
facts, such as redeposition and other beam-induced effects, are
minimized. (iv) When long patterning durations are necessary,
vary the raster parameters (and/or increase the beam current).
(v) In the case of curvatures in the beam path, use the local dose
optimization to achieve a uniform target depth.
To demonstrate the capabilities of FIB-o-mat, three different 2D
material systems were patterned. Multilayers of Co/Pt were
modified regarding their local magnetic response without
changing their topography. Suspended single-layer graphene
was cut into trampoline-shaped mechanical resonators, and
single-crystalline gold was patterned into coupled plasmonic
antennas. In the former two cases, the ease to vary the geome-
try and patterning parameters in an automated way greatly facil-
itated both the systematic patterning optimization and a detailed
analysis of the device properties. While these two cases pattern
creation and automation can, in principle, be carried out using
the software of the microscope manufacturer, it is impossible to
create the adapted beam path for the tetramer geometry by any
commercial patterning software. The realized minimum gap
size of 3 nm for a gold thickness around 40 nm and the perfect
spherical shapes of the monomer discs are not obtainable with-
out beam path optimization, nor can they be obtained by any
other fabrication technique. Hence, the low-level approach in
FIB-o-mat provides the necessary functionalities to unlock the
ultimate performance of He ion microscopy.
Supporting Information





The ion beam patterning was performed in the Corelab Correla-
tive Microscopy and Spectroscopy at Helmholtz-Zentrum
Berlin.
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